Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) are well established in the treatment of hypercholesterolaemia and the prevention of coronary artery disease. Despite this, there is wide interindividual variability in response to statin therapy, in terms of both lipidlowering and adverse drug reactions. The major site of statin action is within hepatocytes and recent interest has focussed on genetic variation in hepatic influx and efflux transporters for their potential to explain these differences. In this review we explore current literature regarding the pharmacokinetic and pharmacodynamic influence of the common c.388A4G and c.521T4C single-nucleotide polymorphisms (SNPs) within the solute carrier organic anion transporter 1B1 (SLCO1B1) gene, encoding the organic anion transporter polypeptide 1B1 (OATP1B1) influx transporter. We discuss their potential to predict the efficacy of statin therapy and the likelihood that patients will experience adverse effects.
Introduction
Coronary artery disease is the most common cause of death in the United States, accounting for 1 in every 5 deaths. 1 The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) are established and widely prescribed in the treatment of hypercholesterolaemia and prevention of coronary artery disease. 2 Despite their widespread use, there is large inter-individual variability in lipidlowering response to statins. 2 Although this may partly be due to environmental and dietary factors, it is suggested that single-nucleotide polymorphisms (SNPs), or other DNA sequence variations, in genes encoding a number of drug metabolizing enzymes or transporters, may also contribute. 2, 3 The following review will explore the current literature regarding the potential influence of two common SNPs in the solute carrier organic anion transporter 1B1 (SLCO1B1) gene. This gene codes for a hepatic influx transporter, organic anion transporter polypeptide 1B1 (OATP1B1), thought to play a key role in statin transport into hepatocytes.
artery disease places significant emphasis on lifestyle changes, including dietary advice and smoking cessation. 4 In addition, statins have become established in the first-line treatment of hyperlipidaemia. 4 They have proven both safe and effective in many large primary and secondary prevention trials. 5 Despite this, there is wide inter-individual response to statins, with one study suggesting that only a third of patients reach LDL-C targets, falling to only 18% of coronary artery disease patients. 6 In addition, as with any drug, a number of patients can be expected to suffer from adverse drug reactions. The majority of adverse effects are relatively minor such as gastrointestinal disturbance. However, potentially serious adverse events can occur, the most common of which is myopathy, a broad term used to describe any muscle symptom or pathology. 7 Statin-associated myopathy can range from mild myalgia to severe rhabdomyolysis. Observational studies suggest that 10-15% of patients may experience muscle aches at some point during treatment. 7 Although clinically benign, the occurrence of such symptoms is of great clinical importance, as they may affect a patient's quality of life and result in decreased adherence to potentially life-saving medication. 8 Fortunately, severe rhabdomyolysis (a clinical diagnosis characterized by muscle symptoms and marked elevation of serum creatinine kinase (typically 10 Â upper limit of normal) and the presence of urinary myoglobin) is rare, with an estimated incidence (for all statins combined) of 1.6 cases per 100 000 person-years. 9 The mechanism by which statins increase the risk of myopathy is yet to be fully elucidated (see Vaklavas et al. 10 for a detailed review of recent literature). In brief, three proposed mechanisms are frequently cited, each relating to decreased production of intermediate metabolites in biosynthetic pathways downstream of statin-mediated 3-hydroxy-3-methylglutaryl coenzyme A inhibition. First, decreased cholesterol levels within myocyte membranes are proposed to alter membrane function. Second, decreased production of ubiquinone (coenzyme Q10) is suggested to cause abnormal mitochondrial respiratory function. However, both these mechanisms are lacking robust scientific evidence. 10 In contrast, support is stronger for the third mechanism-myofibre apoptosis mediated by decreased levels of key isoprenoids, such as farnesyl pyrophosphate and geranyl pyrophosphate. 10 Although the exact mechanism for myopathy development is unclear, it is more widely accepted that clinical efficacy and the development of adverse reactions are related to hepatic and plasma concentration of statins, respectively. 3 Unfortunately, there is currently no method of predicting which patients are at risk of treatment failure or adverse drug reactions, except for avoiding concomitant medication with known interacting drugs such as cyclosporine (INN, ciclosporin) 11 -for a detailed review of drug interactions with statins, including both their mechanisms and clinical effect, see Neuvonen et al. 12 Therefore, genetic markers that are predictive of response to statin therapy or development of adverse drug reactions would be of huge clinical utility. 3, 13 Research in the field of pharmacogenetics aims to achieve this.
Pharmacogenetics and statin response
Statins work by inhibiting the conversion of 3-hydroxy-3-methylglutaryl coenzyme A to mevalonate, the rate-limiting step in cholesterol synthesis. Inhibition occurs within hepatocytes and therefore factors that influence statin concentration in the liver are likely to affect their cholesterol-lowering abilities. Anything that modifies the way statins are absorbed, distributed, metabolized or excreted has the potential to alter their hepatic concentration, including the environment, diet and concomitant medication. Pharmacogenetics investigates the role of genetics in determining an individual's response to a drug. It was initially thought that metabolism was the key determinant of drug disposition. 14 More recently, however, the role of SNPs in drug transporters has been investigated. 15 
Hepatic transporters
Statins are taken orally and access to their site of action in the liver is greatly facilitated by both intestinal and hepatic transport. 13 Similarly, excretion into bile is also assisted by transporters. The extent to which individual statins rely on transporters to cross lipid membranes is yet to be fully elucidated-earlier suggestions that it may be dependent on lipophilicity 16 have recently been questioned. 17, 18 Nevertheless, it has been suggested that a number of transporters may have a role in the disposition of statins, as illustrated in Figure 1 .
The strongest evidence exists for the influx transporter OATP1B1 (SLCO1B1; discussed below). Interestingly, studies of the closely related OATP1B3 (SLCO1B3; also expressed exclusively in the liver) and OATP2B1 (SLCO2B1) transporters are rare. Although atorvastatin, fluvastatin, pravastatin and rosuvastatin have been shown to be in vitro substrates, there are no studies showing an association between SNPs in these transporters and in vivo response to statins. 15, 19, 20 Of the efflux transporters, breast cancer resistance protein (BCRP; ABCG2), multidrug resistance-associated protein 2 (MRP2; ABCC2) and P-glycoprotein (P-GP; MDR1, ABCB1) have been the most widely studied, although often not in the context of statin transport. 15 For example, the role of permeability glycoprotein in the efflux of chemotherapeutic agents from cancer cells has long been established but its role in the disposition of different statins remains unclear. 3, [21] [22] [23] Similarly, in vitro studies of multidrug resistanceassociated protein 2 have shown that this protein transports a number of statins, 24 but in vivo pharmacogenomic evidence is inconclusive and limited to two small pharmacokinetic studies using pravastatin; these studies obtained contrasting results. 25, 26 In contrast, the c.421C4A SNP in ABCG2 has been shown to alter the in vivo pharmacokinetics of both rosuvastatin 27, 28 and atorvastatin, 27 although not pitavastatin 29 or pravastatin. 26 Both multidrug resistanceassociated protein 2 and breast cancer resistance protein are reviewed elsewhere by Ieiri et al. 19 and although it is accepted that these and other transporters, both intestinal and hepatic, may play a role in statin disposition, this review will focus exclusively on OATP1B1, an hepatic influx transporter that is becoming increasing linked with differences in response to statin therapy.
Organic anion transporter polypeptide 1B1 (OATP1B1)
Organic anion transporter polypeptide 1B1 is a member of the OATPs, previously known as OATP2, OATP-C, liverspecific transporter 1 and SLC21A6. Under current nomenclature, the gene is known as SLCO1B1 and the protein as OATP1B1.
14 Several studies have shown OATP1B1 to be expressed exclusively on the basolateral (sinusoidal) membrane of hepatocytes. 30, 31 OATP1B1 is known to transport a number of endogenous and exogenous substances, including bile acids, thyroid hormones and methotrexate, 14 and has also been shown to transport many statins, including atorvastatin, 16 cerivastatin, 32 pravastatin 30 and rosuvastatin. 33 It is less clear whether simvastatin is transported by OATP1B1. It seems that the inactive parent drug (simvastatin lactone) is not, 16, 34 but the active acid form (formed through non-enzymatic and carboxylesterase-mediated conversion within the plasma, liver and intestinal muscosa) is an OATP1B1 substrate. 30, 34 A number of SNPs have been found within the SLCO1B1 gene, located on chromosome 12. SNPs that result in an amino-acid change are more likely to have an effect on function and are termed non-synonymous. Tirona et al. 35 identified 14 non-synonymous SNPs, represented by 16 distinct haplotypes, named SLCO1B1*b to SLCO1B1*14 (reference haplotype ¼ SLCO1B1*1a). Since then, a further haplotype, *15, has also been identified.
Of the 14 SNPs identified, only three occurred at a frequency of 40.02 in Caucasian individuals: c.388A4G, c.463C4A and c.521T4C. Of these, only c.388A4G (rs2306283) and c.521T4C (rs4149056) are associated with altered transport function (discussed below). It is these two SNPs that have been analysed most thoroughly. Table 1 shows allele frequencies of the c.388A4G and c.521T4C polymorphisms in Caucasian, African-American and Japanese populations. A comprehensive review of the global distribution of these, and other SLCO1B1 SNPs, is also available. 39 The SNPs, c.388A4G and c.521T4C, occur alone or in combination with each other in three haplotypes: SLCO1B1*1b, *5 and *15. Table 2 reports the nucleotide and amino acid changes present in each haplotype. The effects of these SNPs and haplotypes on statin transport function has been well analysed and has used a number of approaches, both pharmacokinetic and pharmacodynamic.
In vitro pharmacokinetic studies Tirona et al. 35 used transfected HeLa cells to show that there was comparable transport of the recognized substrates estrone-3-sulphate (E 1 S) and estradiol 17b-D-glucuronide (E 2 17bG) between OATP1B1*1a and *1b proteins (see Table 3 ). However, they observed significantly impaired transport by the OATP1B1*5 protein compared with OATP1B1*1a (Po0.001). No differences were observed in the total expressed protein level of each variant transporter but cell surface biotinylation illustrated 'remarkably reduced' cell surface expression of OATP1B1*5. However, a percentage or significance level was not provided and the results for OATP1B1*1b were also not reported. Similar results were obtained by Ho et al. 41 who observed comparable transport of rosuvastatin between OATP1B1*1a and *1b, but significantly decreased transport by OATP1B1*5 and OATP1B1*15. They also found a lack of relationship between SLCO1B1 mRNA and OATP1B1 protein in human liver samples and isolated hepatocyte suspensions.
Although the two studies reported above are in general agreement, two similar studies conducted using HEK293 cells have reported different results. As above, similar transport activity was found for OATP1B1*1a and *1b using E 1 S 42 and E 2 17bG. 43 However, both studies failed to show decreased transport for OATP1B1*5. 42, 43 In addition, both studies found that OATP1B1*1a, *1b and *5 were localized to the cell surface membrane, and Iwai et al. 43 observed reduced transport function for OATP1B1*15 as compared with *1a.
Although these two sets of results may seem contradictory, it is likely that differences between the two cells types (HeLa and HEK293) are the source of the discrepancy. It is suggested that the intrinsic transporting activity of OATP1B1*5 remains in both cell types, but an in vivo alteration in membrane trafficking may lead to impaired functional expression in HEK293 cells. 42 It is interesting to note, however, that the only study with a similar design conducted using both cell types showed that OATP1B1*5 
Abbreviations: m, increased transport activity; 2, unchanged transport activity; k, decreased transport activity; -, not investigated; BSP, bromosulfophthalein; C-tau, cholyltaurine; E 1 S, estrone-3-sulphate; E 2 17bG, estradiol 17b-D-glucuronide; MDCKII, Madin-Darby canine kidney cells strain II.
SLCO1B1 polymorphisms and statin therapy SPR Romaine et al and *15 showed significantly decreased transport of E 1 S and E 2 17bG in both HeLa and HEK293 cells (Po0.001) and reduced cell surface expression in HEK293 cells. 16 Furthermore, this study also observed that OATP1B1*5 and OATP1B1*15 transfected HeLa cells showed reduced transport of both atorvastatin and pravastatin, but not simvastatin. 16 Finally, this study also provides further information about the transport activity of OATP1B1*1b -for E 1 S and E 2 17bG in HEK293 cells and for the majority of substrates (E 2 17bG, atorvastatin, pravastatin and simvastatin) in transfected HeLa cells, the transport activity of OATP1B1*1b was not significantly different to that of *1a. However, an increase in transport activity in comparison with *1a was observed for E 1 S in HeLa cells, suggesting that the effect of *1b may be substrate specific. This is supported by the findings of Michalski et al. 44 who, in concordance with the above studies, 16, 35, 43 observed comparable transport of E 2 17bG between OATP1B1*1a and OATP1B1*b transfected Madin-Darby canine kidney II cells, but increased transport of bromosulphophthalein and decreased transport of cholyltaurine in OATP1B1*1b compared with *1a transfected cells.
Therefore, in summary, the in vitro evidence suggests that OATP1B1*1b is likely to have a similar transport activity to the reference haplotype (*1a), although this may be substrate dependent, as illustrated in Table 3 . It also seems likely that both OATP1B1*5 and *15 show significantly reduced transport activity as a result of in vivo trafficking errors. However, in vitro studies in cell types different to those of interest in vivo cannot be considered to be sound evidence. In addition, only two of these studies 16, 41 used statins as OATP1B1 substrates. Therefore, the results of in vivo studies using statins must be considered (see Table 4 ).
In vivo pharmacokinetic studies
Pasanen et al. 18 analysed the pharmacokinetics of atorvastatin and rosuvastatin in 32 healthy Caucasian individuals genotyped for SLCO1B1 c.521T4C. Individuals with genotype CC had a significantly higher area under the plasma concentration-time curve (AUC) (0À48 h) of atorvastatin than those genotyped TT (144%; Po0.001) or TC (61%; P ¼ 0.049) when administered a single dose of 20 mg atorvastatin. TCgenotyped individuals also had a 52% higher atorvastatin AUC (0À48 h) compared with TT (P ¼ 0.040). This suggests that both heterozygous (TC) and homozygous (CC) carriers of the c.521T4C substitution show decreased uptake of atorvastatin into the liver, resulting in increased plasma concentration. These findings are supported by Ho et al., 26 who investigated pravastatin. However, this did not hold true when Pasanen et al. 18 Investigated rosuvastatin and found that although the CC genotype resulted in a significant increase in AUC (0À48 h) compared with TT (65%; P ¼ 0.002), only a strong trend was shown for TC versus TT (P ¼ 0.053). These results suggest that a gene-dose effect may be present with this SNP and that although it is likely that a single copy of the c.521C allele may impair in vivo statin transport to some degree, smaller studies may not be able to detect a significant pharmacokinetic difference. This suggestion is supported by studies using single doses of 40 mg pravastatin 46 and 40 mg rosuvastatin (Caucasian subgroup). 36 Further support is also provided by diplotype analysis studies, using pravastatin 26 and pitavastatin. 17, 29 These show that the presence of a single *15 haplotype is associated with a significant decrease in hepatic uptake, an effect that is enhanced by having two copies of this haplotype. Therefore, although it is not proven whether two copies of the variant allele are required to observe a significant effect, these results suggest that the SLCO1B1 c.521T4C SNP impairs the hepatic uptake of atorvastatin, pitavastatin, pravastatin and rosuvastatin. However, it does not seem to influence fluvastatin plasma concentration -Niemi et al. 46 found no significant differences in fluvastatin AUC (0ÀN) between TT versus CC or TT versus TC genotyped individuals. Indeed, although nonsignificant trends were observed (increase in fluvastatin AUC (0ÀN) for CC vs TT ¼ 19.1%; TC vs TT ¼ 13.4%), in relative terms these were much smaller than the results observed with atorvastatin, pravastatin and rosuvastatin. 18, 36, 46 Similarly, nonsignificant trends have been observed for simvastatin lactone. 34 Interestingly, in contrast, Pasanen et al. 34 showed significant increases in the simvastatin acid AUC (0ÀN) for CC individuals when compared with both TT (221%; Po0.001) and TC (162%; Po0.001) individuals, although a significant increase in AUC (0ÀN) for TC compared with TT individuals was not observed (23%; P40.05). Importantly, it is the acid form of this drug that is active, leading the researchers to suggest that the SLCO1B1 c.521T4C SNP may result in decreased cholesterol-lowering efficacy and an increased risk of adverse drug reactions with simvastatin therapy. This has recently been confirmed by the high-profile publication of a strong association between SLCO1B1 genotype and statininduced myopathy (discussed below). 47 A noticeable weakness in the applicability of the above results to differences in patients' response to statins is that each study uses only a single statin administration. In response to this, Igel et al. 45 conducted a repeated-dose pharmacokinetic study. Participants were grouped by SLCO1B1 genotype and given a daily dose of pravastatin (40 mg) for 3 weeks. All the participants in the control group (n ¼ 8) had the *1a/*1a diplotype. The variant group contained three heterozygous carriers of the *15 allele, four heterozygous carriers of a *17 allele (*15 þ the promoter SNP g.-11187G4A) and one homozygous carrier of the *17 allele. Participants in the variant group had a mean AUC (0À10 h) 110% higher than those in the control group (P ¼ 0.012). As the *17 allele can be considered a subtype of the *15 allele, and therefore should not obscure its effects, these results suggest that as seven out of eight participants in the variant group carried a single copy of the *1a allele, it is likely that a single copy of the *15 allele is capable of causing a significant decrease in hepatic uptake of statins. Importantly, this study is also able to provide evidence that the decrease in transport function observed in single-dose Abbreviations: m, increased transport activity; 2, unchanged transport activity; k, decreased transport activity; -, not investigated; AA, African American; AUC, area under the plasma concentration-time curve;
EA, European American, F, female; M, male; NS, non significant; 0-t, time zero to time of last quantifiable concentration.
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studies is also present in repeated-dose studies. Although not considered by the researchers to affect the results, it should be noted that participants in the control group were significantly older than those in the variant group (40.5 years vs 31.9 years; P ¼ 0.010). It therefore seems that the in vivo evidence supports the in vitro findings that the protein product of the *15 allele shows reduced transport function. However, it is less clear whether the activity of the *1b allele protein product is similar to that of the reference protein (*1a). Mwinyi et al. 48 suggested that carriers of the *1b allele may have a 60% smaller pravastatin AUC (0À6 h) than those with the *1a/*1a diplotype. However, this difference was not statistically significant and 8 of the 10 carriers of the *1b allele had the diplotype *1a/*1b. Maeda et al. 49 observed a similar reduction in pravastatin AUC (0À24 h) in *1b/*1b carriers compared with *1a/*1a carriers (65%; P ¼ 0.049) and also showed a 45% lower AUC (0À24 h) in *1b/*15 carriers compared with *1a/*15 carriers (P ¼ 0.024). Therefore, in contrast to the above in vitro studies, 16, 35, 41, 43 these in vivo studies using pravastatin suggest that the *1b allele confers an increased transport activity compared with *1a. However, these studies were small and used only a single statin. Consequently, larger studies using other statins are required to provide further information about the effect of the *1b allele on in vivo OATP1B1 transport function and its clinical relevance. Indeed, the substrate specificity of this SNP has been previously highlighted with two drugs from the meglitinide class of blood glucose lowering medicationsKalliokoski et al. 50 observed a significant decrease in repaglinide AUC (0ÀN) (32%; P ¼ 0.007) but not nateglinide AUC (0ÀN) (11.5%; P40.05) for *1b/*1b carriers, compared with *1a/*1a carriers.
In summary, from in vivo pharmacokinetic studies, it seems likely that a single copy of the *15 allele increases plasma AUC. This effect is more pronounced and well established when two copies of the *15 allele are present but, as with the in vitro findings, may be substrate specific (illustrated in Table 4 ). Although positive results have been obtained for evidence of an effect of a single *15 allele for atorvastatin, pitavastatin, pravastatin and simvastatin acid, two copies of the *15 allele may be required to observe an effect with rosuvastatin. Furthermore, no effect on fluvastatin or simvastatin lactone has been observed. Consequently, many researchers have suggested that the presence of one or two variant alleles (*5 or *15 haplotypes) would lead to an attenuated lipid-lowering response to affected statins, as less statin would be able to reach its primary site of action in the liver. Furthermore, it has been suggested that the resulting increase in statin plasma concentration may lead to increased reporting of adverse drug reactions, including myopathy. 34 Pharmacodynamic studies have investigated these suggestions (see Table 5 ).
Pharmacodynamic studies
Tachibana-Iimori et al. 4 retrospectively explored the response of 66 Japanese patients to atorvastatin (n ¼ 11), pravastatin (n ¼ 22) and simvastatin (n ¼ 33). After SLCO1B1 c.521T4C genotyping, they found that heterozygous patients (TC) showed an attenuated response to statin therapy compared with homozygous TT patients in terms of totalcholesterol reduction (À16.5 vs À22.3%; Po0.05). A nonsignificant trend towards an attenuated LDL-C response in TC patients compared with TT patients was also observed (À12.4 vs À29.0%; P ¼ 0.094). No significant differences were observed for high-density lipoprotein cholesterol (HDL-C) or triglycerides. Tachibana-Iimori et al. 4 were unable to include any homozygous CC patients but suggested that a single copy of the c.521T4C substitution was predictive of an attenuated total-cholesterol response. However, it is not clear how long each patient was taking the prescribed statin and at which point cholesterol levels were measured. Additionally, all patients were grouped together in their analyses, making comments on the effects of this polymorphism on a single statin response impossible. The small number of patients is a further weakness of the study.
In concordance, Zhang et al. 52 studied 45 Chinese patients with coronary heart disease who received 20 mg pravastatin, for 30 days, and found that TC patients had an attenuated total-cholesterol lowering response compared to TT homozygotes (À14.5 vs À22.4%; P ¼ 0.03). There was no significant difference observed in LDL-C, high-density lipoprotein cholesterol and triglyceride response between genotypes. In contrast, Igel et al. 45 were unable to show a significant difference in SLCO1B1-mediated response after 3 weeks of pravastatin treatment (40 mg per day; n ¼ 16). However, weak trends were observed between the variant and control groups in total-cholesterol reduction (À13.1 vs À19.1%; P ¼ 0.19) and LDL-C reduction (À27.7 vs À32.3%; P ¼ 0.37). The researchers highlight the low statistical power of their study, and suggest that a larger study may detect a significant difference in cholesterol reduction. However, given that the SLCO1B1 c.521T4C SNP does not lead to complete loss of function, it is plausible that the larger dose of pravastatin used (40 vs 20 mg) may have obscured any effects of SLCO1B1 genotype.
A larger study was conducted by Thompson et al., 40 who investigated the effects of 43 SNPs within 16 genes thought to have a role in coronary artery disease. Participants (n ¼ 2735) were taken from the Atorvastatin Comparative Cholesterol Efficacy and Safety Study and received atorvastatin, fluvastatin, lovastatin, pravastatin or simvastatin. Thompson et al. 40 conducted a large number of analyses but in relation to SLCO1B1 genotype only found significant results for the effect of atorvastatin (P ¼ 0.037) and fluvastatin (P ¼ 0.0061) on raising high-density lipoprotein cholesterol levels. These significant increases were only true between homozygotes (TT vs CC). Although the reliability of these results is boosted by the large number of participants, these results may not actually be significant after correction for multiple analyses. Therefore, after analysing the effects of many statins and SLCO1B1 genotype on total cholesterol, LDL-C, high-density lipoprotein cholesterol and triglycerides, only two possibly significant results were reported. However, as with Tachibana-Iimori et al., 4 it is not clear at which stage of 21 days TChol, LDL-C, HDL-C and TG: no significant differences were observed between wild-type and variant haplotypes.
NB: The researchers attribute the lack of significant findings to low statistical power. Japanese, n ¼ 66; 17M,
Not stated TChol: attenuated response associated with TC genotype (À16.5%) vs TT (À22.3%; Po0.05). LDL-C: nonsignificant trend towards attenuation with TC genotype (À12.4%) vs TT (À29.0%; P ¼ 0.094). HDL-C and TG: no differences were observed.
NB: All statins were analysed together and therefore no conclusions regarding individual statins can be drawn. Dose of statin not reported.
Takane et al. 51 reinforce the importance of knowing when cholesterol data were obtained. They conducted a retrospective analysis of 33 Japanese hypercholesterolaemic patients treated with pravastatin. After 8 weeks (mean dose ¼ 9.4 mg), they observed a significantly attenuated reduction in total cholesterol for SLCO1B1*15 carriers compared with non-carriers (À9.8 vs À20.9%; Po0.05). A similar effect was also observed for LDL-C (À14.1 vs À28.9%; Po0.05). However, when the analysis was repeated after 1 year of treatment, no significant differences were observed, leading the researchers to suggest that SLCO1B1 genotype is only predictive of a slower response to pravastatin treatment. Although this may explain the nonsignificant results obtained by Thompson et al., 40 the study is also liable to the same criticism-it is not clear whether patients who were not responding to their initial treatment had their dose increased, which may have eliminated the effect of SLCO1B1 polymorphisms.
More robust evidence for the role of the SLCO1B1 c.521T4C SNP in predicting an attenuated response to statin therapy has recently been provided by the Study of the Effectiveness of Additional Reductions in Cholesterol and Homocysteine collaborative group, who published an analysis of data from the Heart Protection Study. 53 These data suggested that among 16 660 patients taking 40 mg simvastatin for 4-6 weeks, reduction in LDL-C was 1.28% smaller per copy of the c.521C allele (Po0.001). 47 Initially, these results seem to support the findings of the earlier smaller studies in suggesting that impaired transport function of OATP1B1 results in an attenuated LDL-C reduction response. However, the differences in cholesterol reduction are much smaller (1.28% per variant allele) than previously reported and with a study-wide mean LDL-C reduction of 40.57%, the clinical significance of these differences may be debated. Nevertheless, it must also be noted that all participants received simvastatin. Therefore, only limited comparisons can be made and it is possible that more clinically significant results may be obtained with other statins.
In contrast, findings from the main Study of the Effectiveness of Additional Reductions in Cholesterol and Homocysteine trial 47 may have much greater clinical significance. This trial recruited 12 064 patients who were randomized to 20 or 80 mg simvastatin. After an average follow-up of 6 years, investigators identified 85 individuals with myopathy, either definitive (muscle symptoms and creatinine kinase 410 times the upper limit of normal) or incipient (creatine kinase 43 times the upper limit of normal and 45 times the baseline level and alanine aminotransferase 41.7 times the baseline level, with or without muscle symptoms). A genome-wide scan of these individuals and 90 controls (both from the 80 mg arm) revealed that a non-coding SNP in the SLCO1B1 gene (rs4363657) was strongly associated with myopathy (P ¼ 4 Â 10 À9 ). 47 This SNP is in strong linkage disequilibrium with SLCO1B1 c.521T4C (r 2 ¼ 0.97). Further analysis showed that carriers of a c.521C allele were found to be at a significantly increased risk of myopathy (odds ratio 4.5; 95% confidence interval 2.6-7.7). This risk further increased among homozygous CC individuals (odds ratio 16.9; 95% confidence interval 4.7-61.1). 47 The association between c.521C and myopathy was replicated among participants from the Heart Protection Study 53 receiving 40 mg simvastatin (P ¼ 0.004), although the relative risk per C allele was reduced (odds ratio 2.6; 95% confidence interval 1.3-5.0). 47 These results provide strong evidence in support of previous suggestions 34 that the c.521T4C SNP may be a highly predictive marker for the development of myopathy in patients treated with simvastatin. However, as with the previous findings, it must be remembered that both these trials included patients who received only simvastatin. Therefore, it cannot be assumed that this association will remain with other statins and further studies are required to show this.
In summary, the strong pharmacokinetic evidence that SLCO1B1 genotype affects OATP1B1 transport function provides a promising suggestion that SLCO1B1 genotype may be able to predict attenuated lipid-lowering response to statin therapy. However, this effect may be substrate dependent and the pharmacodynamic evidence is mixed. Small studies have shown that carriers of a variant SLCO1B1 allele show an attenuated total or LDL-cholesterol lowering response but larger studies in the area are contradictory. Stronger evidence has been provided for the role of SLCO1B1 genotype in predicting myopathy among patients receiving statin therapy, but only a single statin was used. Therefore, despite the promising results provided by the recent publication of a number of large studies, significant weaknesses mean that firm conclusions about the role of SLCO1B1 genotype in predicting attenuated cholesterol reduction or the development of myopathy for a range of statins cannot be drawn.
Conclusion
The wide inter-individual response to statins is well established. 2, 6 It has been suggested that genetic differences in hepatic transporters may alter the exposure of statins to their site of action, altering their cholesterol-lowering ability. Although there are a large number of transporters that may have a role in statin transport (see Figure 1) , only a few have been analysed. This review has focussed on one such transporter, OATP1B1, an influx transporter located exclusively on the basolateral membrane of hepatocytes. The link between SLCO1B1 genotype and statin response, although 'intensively studied', is still unresolved.
In vitro pharmacokinetic studies suggest that despite a large number of detected polymorphisms, only two relatively common, non-synonymous SNPs (c.388A4G and c.521T4C) show altered transport function. The latter is present in haplotypes SLCO1B1*5 and SLCO1B1*15, both of which confer decreased transport function as a result of in vivo trafficking errors. In vivo pharmacokinetic studies support these findings and suggest that a single copy of either variant haplotype is sufficient to increase statin plasma concentration. The suggestion that this would affect cholesterol-lowering ability was confirmed by a number of small in vivo pharmacodynamic studies, but larger studies have been less conclusive with one suggesting that there is no significant relationship between SLCO1B1 genotype and cholesterol reduction 40 and the other showing a strong statistically, but not necessarily clinically, significant relationship. 47 Unfortunately, the first study had a significant methodological weakness -dose adjustment of nonresponding participants, which is likely to have masked the effect of the SLCO1B1 genotypes and the second included only patients who received 40 mg simvastatin, limiting comparisons with other studies. However, a much stronger link was shown between SLCO1B1 genotype and the development of myopathy but again this was among only patients who received simvastatin. 47 It is therefore suggested that future research should focus on studies that directly analyse the effects of SLCO1B1 SNPs on the cholesterol-lowering abilities, and the induction of adverse drug reactions, for a wide range of statins. Large studies are required as the reviewed polymorphisms occur at low frequencies in many ethnic groups and are unlikely to explain the variation in response when considered alone. Further to this, it is noted that a small number of studies included in this review used sufficient participant numbers to enable the matching of participants for other gene polymorphisms that are thought to have a role in statin disposition. This is a significant methodological strength as it reduces the number of confounding factors and allows the effect of a single polymorphism to be reliably analysed. It is recommended that this methodology is used by future studies to eliminate the effects of SNPs in cytochrome P450 metabolizing enzymes and other hepatic transporters that are reported to alter statin response. Such studies may be capable of incorporating this information into a predictive model. Although there are likely to be a number of unquantifiable influencing factors, such as diet, it is suggested that the design of a highly predictive pharmacogenetic model of response to statin therapy is achievable and would be of significant benefit in both improving the effectiveness of treatment and reducing adverse drug reactions on an individual patient basis.
